We determined the correlation between sibling refractive errors adjusted for shared and unique environmental factors using data from the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study.
T he search for the respective contributions of genetics and environment to the development of juvenile-onset myopia continues. Two recent reports from molecular genetic studies on the largest samples yet tested identified 35 possible loci associated with myopia. 1, 2 There is ample evidence for a genetic component to refractive error. 3, 4 Cross-sectional and longitudinal studies have shown an increased odds of myopia in children with increasing numbers of myopic parents, [5] [6] [7] which may be altered by the amount of time spent in outdoor/sports activities. Data from children with two myopic parents, who constitute a group at high risk for myopia development, revealed that performing more hours of outdoor/sports activity led to a decrease in the occurrence of myopia compared to children with two myopic parents who performed a minimal amount of outdoor/sports activity. This high risk group had a similar probability of developing myopia as those without myopic parents when the level of time in outdoor/sports activity was in the highest quartile. 8 The genetic contribution to a trait often is estimated through heritability. Heritability is the proportion of phenotypic variability in a population trait that is due to genetic differences. Twin studies have found high refractive error heritabilities ranging from approximately 0.77 to 0.94. 3, 4, 9, 10 One of the lower estimates from a twin study was reported by Tsai et al. 11 who found heritability of 0.33 for refractive error, but heritability of 0.67 for axial length in a predominantly myopic Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 sample of twins. One limitation of this study was the small number of dizygotic twin pairs (17) and the need for adult subjects to remember back to kindergarten, primary school, and high school for near work covariate data. Other studies have used siblings 12, 13 or parents-offspring with siblings and other familial pairs, 14 and found refractive error heritability from 0.50 to 0.70. These studies indicate that a large proportion of the variance in refractive error may be attributable to genetics.
Analyses using variance components methodology allow for the calculation of additional subsets of the variance, which can characterize the contributions of common (or shared) or unique environmental effects, as well as potential dominant effects. Chen et al. 14 found that a genetic model with common and unique environmental effects best fit the data, and estimated the proportion of the variance explained by the common environment at 0.33 for refractive error when examining a model of siblings (i.e., shared childhood environment). Lopes et al. 9 also found this model to be the best fit for their refractive error data with the estimated proportion of the variance explained by the common environment at 0.07 and the proportion of the variance explained by the unique environment at 0.16. Others have found that the best-fitting model for refractive error was the genetic and unique environment model, with the proportion of the variance explained by the unique environment between 0.09 and 0.14.
3,4 These shared and unique environmental influences, therefore, are estimated to be between 7% and 33% of the variance in refractive error.
Interestingly, these shared and unique environmental influences also are typically estimated through modeling rather than through the use of data collected on environmental exposures. Limited data are available that account for environmental influences that have been measured in children rather than estimated through modeling. Guggenheim et al. 15 used data from 306 subjects with at least one sibling also enrolled in the Singapore Cohort Study of the Risk Factors for Myopia (SCORM) to look at the correlation of refractive error between siblings. Subjects were enrolled between ages 7 and 9 years, and information from their last visit was used in the analyses. In addition to children's refractive error and ocular components, baseline information was collected about the number of hours per week spent in visual activities. None of the analyses of correlation between siblings, however, integrated the refractive error data with the visual activity data in an effort to estimate the impact of the visual activities on this correlation.
The Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study was a multicenter, longitudinal, observational study that evaluated the ocular component development and risk factors for juvenile-onset myopia in children of different ethnicities. Time spent performing near visual activities and outdoor/sports activities was collected by questionnaire on an annual basis. Many families enrolled multiple children in the study, thereby allowing for analyses of the correlation of refractive error between siblings. Here, we provided an estimate of the correlation between siblings for near and outdoor activities, as well as an estimate of the impact of the shared environmental factors on this correlation between refractive errors.
METHODS
Subjects were children aged 6 to 14 years old in the CLEERE Study between 1989 and 2009. The Orinda Longitudinal Study of Myopia (Orinda, CA, USA) became CLEERE in 1997 with the addition of sites enrolling African-American children (Eutaw, AL, USA), Asian children (Irvine, CA, USA), and Hispanic children (Houston, TX, USA) children. In 2000, a site to enroll Native-American children (Tucson, AZ, USA) was added. Each affiliated university's institutional review board approved the protocol and informed consent documents in accordance with the tenets of the Declaration of Helsinki. In addition to obtaining parental consent, children provided assent.
Ethnic group identity was supplied by a parent on a CLEERE medical history form at enrollment into the study by choosing among six categories, based on National Institutes of Health (NIH; Bethesda, MD, USA) categories: American Indian or Alaskan Native, Asian or Pacific Islander, Black not of Hispanic origin, Hispanic, White not of Hispanic origin, other or unknown.
Visual activity data were provided annually using a questionnaire that asked the parent ''During the school year, how many hours per week (outside of regular school hours) would you estimate this child: (1) studies or reads for school assignments, (2) reads for fun (pleasure), (3) watches TV, (4) uses a computer/plays video games, (5) engages in outdoor/ sports activities?'' Diopter-hours also were calculated as a comprehensive near work exposure, defined as: 3 3 hours of reading þ 3 3 hours of studying þ 2 3 video/computer hours þ hours watching television. 5 For these analyses, we focused on the contributions of outdoor/sports activity hours, reading hours, studying hours, and a combined variable, diopter-hours to the variability of refractive error.
Refractive error measurements were made on the right eye only by certified study personnel with the Canon R-1 autorefractor (Canon USA, Lake Success, NY, USA; no longer manufactured) from 1989 to 2000 and the Grand Seiko WR 5100-K autorefractor (Grand Seiko Co., Hiroshima, Japan) from 2001 to 2009. For cycloplegic autorefraction, subjects fixated on a reduced Snellen target through a þ4.00 diopter (D) Badal lens in primary gaze. The Badal lens allowed the uncorrected subjects to fixate on an in-focus target during autorefraction without stimulating any residual accommodation. The Badal system allows for the correction of either hyperopic or myopic errors while keeping the retinal image size of the target constant.
For subjects with grade 1 or 2 iris color (in general, a blue or gray iris or with a green iris with a lesser amount of brown pigment), 16 testing was performed 30 minutes after one drop of proparacaine 0.5% and two drops of tropicamide 1.0%. When subjects had dark iris colors greater than grade 2, testing was performed 30 minutes after one drop of proparacaine 0.5% and one drop each of tropicamide 1.0% and cyclopentolate 1.0%. 17 Ten autorefractor measurements were made according to a standard protocol. 18 Full siblings enrolled in this study were identified by the study coordinators at each site, and each family was assigned a family identification number to link siblings together. Some families had multiple children enrolled in the study. In these cases, all eligible siblings were included in the analysis.
We restricted the data to refractive error gathered at the last visit for each of the full sibling participants. Children in the sample had to be at least 10 years of age or older at their last visit. The last visit and the age restrictions were used to enhance the likelihood that there was indication of myopia in children who would become truly myopic and the measurements used were gathered when siblings were similar in age. Refractive error was analyzed as spherical equivalent.
The shared family level effects were estimated by averaging each sibling's longitudinal data, then averaging the sibling results together to get the family activity level. This approach allowed for the use of the pattern of activities over time without incorporating the complexity of time-varying covariates into the model. Family age was the average of the siblings' ages at their last visit. For sex, males were coded with 0 and females 1, with family sex as the average of these two sibling indicators. The unique, child-level effects were estimated using the deviation of his/her individual average from the family average.
These activity levels then were used as covariates in the model for refractive error to adjust for environmental effects. The model had the following general form:
where f indexes the family and c a child in that family. The l and e terms represent random effects on spherical equivalent refractive error of shared family and unique, child-level factors, respectively, that are not explained by the other measured covariates. Four of the covariates provided estimates of shared family level and unique, child-level effects: family age, sex, outdoor/sports hours, and diopter-hours. The intraclass correlation coefficient (ICC) is a statistic that measures how strongly individuals in a family resemble each other. It is estimated by dividing the amount of the variance that is due to the relationship (between-sibling variance) by the total amount of variance. In other words, it is the ratio r 2 f /(r 2 f þ r 2 c ), where r 2 f is the variation of the shared familylevel effect (between-sibling variance) and r 2 c is the variation of the within-family unique child-level effects (within-child variance). Multiplying the ICC by 2 provides an estimate of heritability because the genetic covariance between full siblings is equal to half of the total additive genetic variance. 19, 20 This estimate is described throughout the rest of the study as an upper bound for heritability because other covariates, such as shared or unique environmental factors, could account for more variation, thereby inflating the estimate of heritability. An unadjusted ICC for spherical equivalent refractive error was estimated and then compared to the ICCs adjusted for covariates, such as age, sex, ethnicity, study site, near work, and time outdoors, that were added sequentially to assess their impact on ICC. The ICC and estimated upper bound on heritability are presented to facilitate comparison with literature that uses either terminology. In addition to using the full dataset to examine the ICC, families were analyzed by type of siblings (all sisters, all brothers, and brother/sister). All covariance estimation was done using the NLMIXED procedure in SAS 9.3 (SAS Institute, Cary, NC, USA).
RESULTS
In total, 847 full-sibling families were identified from the CLEERE Study. Of these 726 remained when the age criterion of ''at least 10 years old at the last visit'' was applied. Of the 726 families, 22 had inconsistent reports of ethnicity and were removed from the dataset. Only one family was classified as ''Other'' ethnicity, and this family was removed as well. Three more families were lost because of incomplete activity data. This left 700 families with 1522 children. The mean (6SD) number of siblings in a family was 2.2 (60.5). Of these families, 85% were two-sibling families (Table 1) . Of the family units, 44% were White, 14% African-American, 13% Asian, 7% Native American, and 22% Hispanic. At their last visit, the mean age (6SD) of children was 13.3 years (60.90; range, 10.0-17.2), and more than half of the subjects were at least 14 years old at their last study visit. The mean last visit spherical equivalent refractive error was À0.42 D (61.40; range, À12.2 to þ10.10 D). The mean difference (6SD) in age between the oldest and youngest sibling at the last visit was 1.24 years (61.01); that is, for most of the siblings that we used, their data spherical equivalent measurements were taken at their most similar ages. The Figure shows the correlation of refractive error between siblings in a family. For families with more than two siblings, data from the oldest and youngest siblings were plotted. The plot indicates medium concordance between the siblings' refractive errors (r ¼ 0.39, P < 0.0001). Table 2 presents the results of the sibling correlations for activity hours for the full dataset as well as for different types of families. There was a statistically significant correlation for all activities between siblings regardless of sex. The overall correlations for outdoor/sports activities and diopter-hours were similar, with reading and studying correlations slightly lower. Correlations among outdoor/sports activities and family types ranged from 0.40 for brother/sister pairs to 0.77 for brother pairs.
The results of the ICC analyses are shown in Table 3 . The family-level column (r 2 f ) presents the between-family variation (i.e., explaining the effects of the shared family level), while the next column presents the within-family variation (r 2 c ) explaining the unique effects at the child level. Added together these two variances estimate the total variability of refractive error. These columns allow for an assessment of how the covariates affect the two types of variability that make up the ICC (r 2 f / r 2 c þ r 2 f ). The child-level variation was greater than the family-level variation for all the models presented, resulting in ICCs that were less than 0.50 for all of the models. The ICC estimate for spherical equivalent controlling for age and sex was 0.408 (95% confidence interval [CI] ¼ 0.350, 0.470). Assuming that age and sex accounted for all environmental effects, heritability for spherical equivalent was 0.816 (0.700, 0.930). The addition of ethnicity to age and sex resulted in a noticeable decrease in the between-family variation, reducing the ICC to 0.374. The next three models sequentially add site and environmental variables to a model with age, ethnicity, and sex. As additional variables were added to the model, more of the family-and child-level variation was explained. For the model that adjusted spherical equivalent for age, sex, site, ethnicity, and outdoor/sports activity, the resulting ICC was 0.364 (0.304, 0.420). When diopter-hours per week was added, the ICC remained at 0.364 because family-and childlevel variation were affected by the addition of diopter hours. The associated upper bound for heritability for this model was 0.728 (0.608, 0.850). The reduction in the ICC between the model with age, sex, site, and ethnicity, and the model that added outdoor/sports activity and diopter-hours to the environmental covariates was small. As an alternative way of examining the potential contribution of near work, the final model in Table 3 replaces diopter-hours with reading and studying hours. The resulting ICC decreases 0.2% to 0.362 with an upper bound on heritability of 0.724.
We also assessed within-sex and between-sex ICC estimates for spherical equivalent. A test of the difference between the ICC measured in female and male siblings was not statistically significant (data not shown, P ¼ 0.45). We also repeated the entire analysis using only children whose age at the last study visit was at least 14 years (91 families) to restrict the analysis to the oldest sample possible. The ICC for outdoor/sports activity and diopter-hours was slightly decreased at 0.333 (0.163, 0.500), with an upper bound on heritability of 0.665. We lose all Asian families from this analysis due to lower numbers of study visits at age 14, suggesting that the original model is the more reliable and generalizable one (data not shown).
DISCUSSION
The majority of heritability estimates in vision research come from the modeling of data based on extended family information, which must attempt to parse the contribution of environmental components through assumptions. We used actual data on refractive error and some environmental exposures to complete this picture, and to calculate ICC and an upper bound for heritability based upon sibling data. Because our analysis was based upon siblings only, we do not have the variation in family structure needed to calculate the required information for the variance component models, so we approached the question using ICCs and the resulting heritability. 19, 20 The ICC and heritability estimated from sibling data after adjustment for age, sex, ethnicity, and shared and unique environmental exposures to near work and outdoor/sports activity were high (0.362 and 0.724, respectively) and very similar to most estimates in the literature. Lee et al. 21 found a similar between-sibling correlation of 0.39 in a sample where the average age was 61.5 years, in a model that did not control for environment. Likewise, the Salisbury Eye Examination study siblings had a spherical equivalent correlation of 0.31, 13 and the Beaver Dam Eye Study's siblings (mean age 71.6 years) had a spherical equivalent correlation of 0.33 after adjustment for age, sex, and education. 22 The sibling correlation in SCORM, adjusted for age and sex, was 0.447 (95% CI ¼ 0.31, 0.56). 15 Kim et al. 23 used a dataset of twins and nontwin siblings, and found an ICC for spherical equivalent among firstdegree adult sibling pairs of 0.34. When they used a variance component model, the heritability was 0.78. In contrast, Chen et al.
14 reported a sibling correlation for refractive error of 0.77 and a heritability of 0.50 using a variance components approach, suggesting a strong influence of shared environment.
While the estimate of heritability from sibling correlations agrees well with past literature, the estimate of environmental effects does not. The effect on heritability of refractive error from shared family and unique, child-level exposure to near work and outdoor/sports activity was much lower (0.009) than previous estimates. Kim et al. 23 found no significant effect of a shared environment, but reported a significant contribution of approximately 0.16 for unique environmental effects. Others have reported model estimates for environmental effects on heritability ranging from 0.07 to 0.33. 3, 4, 9, 14 A unique feature of the current study is the annual measurement of visual activity, allowing us to incorporate a history of prior activity levels into the analysis. Other studies used either baseline activity only, or used a traditional heritability model that assigns the environmental effects based upon model estimates; we used parentreported data. 15 To assume that heritability can be estimated from twice the ICC, there must be a lack of a shared environment between siblings. In theory, as we account for more environmental variables that may contribute to the development of myopia, then 2 3 ICC should come closer to approaching the true heritability. Following this logic, the upper bound of the heritability, as presented in Table 3 , represents the largest possible heritability; that is 0.73 (ICC ¼ 0.364), according to our data. Based upon the high correlations for activities between siblings shown in Table 2 , there appears to be a substantial shared environment in the amount of time siblings spend in different activities. The sibling correlation for refractive error in SCORM, adjusted for age and sex, was 0.447 (95% CI ¼ 0.31, 0.56), similar to our model. 15 Their between-sibling correlation for outdoor activity was 0.52, only slightly lower than what we report for the siblings in our study, while the correlation for hours of reading was a little higher (0.603) than our diopter-hours correlation (0.570); however, that shared environment also must be effective in creating similarities in refractive error between siblings to bias the estimate of heritability. Our finding that these activities accounted for only a very small proportion in the variability of refractive error compared to the proportion accounted for by genetics suggested that individual variations in near work and time outdoors are not effective in regulating the magnitude of refractive error, wherein the spectrum of refractive error an individual lies. This is not to say that environmental effects are unimportant. Environmental effects may influence individual risk of onset 8 and population prevalence. 24 We chose two measures, time spent in near work and time in outdoors/sports activity, to represent known, important environmental influences. While it is possible that these may not represent the relevant environmental exposures, it is worth noting that Guggenheim et al. 25 collected outdoor/sports activity data similar to that gathered in CLEERE and showed that more time spent outdoors lowers the risk of the onset of myopia in children, but when they assessed the magnitude of refractive error (i.e., continuously), neither near work nor time spent outdoors had a meaningful effect. The calculation of heritability depends on correlations in refractive errors as continuous variables between siblings. It is possible, therefore, that the known effects of the environment, particularly time outdoors, on refractive error status as a categorical variable may translate into a slightly larger effect on the correlations between siblings and heritability.
An interesting finding is that the heritability between male siblings was not significantly different from that between female siblings or overall. In contrast, SCORM reported an ICC for male siblings that was no different from 0, indicating that there was no familial component to spherical equivalent in males. The female sibling correlation was on the order of 0.585, noticeably higher than the males. These correlations were only adjusted for age and sex, unlike our correlations, which accounted for environmental exposures as well. 15 A strength of our study is the use of siblings of similar ages. Some previous publications have estimated heritability by assessing correlations in refractive error between parents and offspring.
14 This can have the effect of introducing bias from both sides. If children are assessed before their full maturation age, they may not have developed their final refractive error. Because our subjects are children rather than adults, this issue still may be a source of bias in our study. The other source of bias when using parent data is that refractive error may no longer be representative of what it was when they were younger due to the effects of age, such as a hyperopic shift. 26, 27 There also is a question of how a difference in sibling age may bias the estimate of heritability. For example, the Framingham Offspring Eye Study found that the odds ratio for the association of myopia between siblings was approximately 5.0 for a 2-year difference in siblings, while the odds ratio among those siblings who were 10 years apart was approximately half of that. 28 In other words, siblings who were closer together in age were more likely to be similar in refractive error. One of the strengths of twin studies is the theoretical absolute matching on age and environment. 9 We have attempted to mediate this issue by using the last visit, optimally the eighth grade visit. As a result, the mean difference in ages between the oldest and youngest sibling in our study was only 1.24 years. We did, however, attempt more complex models that incorporated differences by age into the model and found results that were similar. Because of this, we have presented the simpler models based upon averages. Additionally, analysis restricting the sample to those siblings at least 14 years old, with a mean age difference at their last study visit of 0.5 years, found similar results in a much reduced sample.
There are several reasons for a small impact of environment, as measured by our activity data. A lack of effect may indicate that the environment has an impact at a certain time, but we may not have captured the correct time interval. It also may be that the measures we used for familial environment do not actually represent common shared effects or that they only represent a fraction of the familial environment that may have a role in determining refractive error. We estimated a family level by averaging across children and siblings within a family. Perhaps ''shared'' environment extends beyond the shared family level. We have attempted to adjust for these extended, shared environmental factors through adjustment for study site (i.e., school), age, and ethnicity. One of the limitations in this approach is that ethnicity may contribute to a genetic and an environmental effect.
It also is possible that environment is important, and not dependent on time, but that we do not know how to measure environment accurately. Perhaps more comprehensive assessments of activities are necessary, such as electronic monitoring, or other components (dietary, exposures, and so forty) should be addressed. 29, 30 Our results indicated that genetic contributions accounted for a large proportion of the variability in spherical equivalent in this study. Despite the presence of a correlation in environment between siblings, adjustment for this shared environment had little impact on correlation in their refractive error.
